An experiment is reported that investigated factors that might contribute to age differences in the ability to process spoken language under conditions of competition from various types of background noise. Age differences in recall of spoken sentences were shown to depend on the type of background noise as well as its intensity. Increased intensity levels of just one competing speaker produced differentially greater impairment in older adults than in young adults. Analyses showed that listening performance was predicted not only by individual differences in hearing ability but also by speed of processing, which underscores the combined role of age-related auditory and cognitive changes in processing spoken language.
W E live in a noisy environment, where more often than not we are required to listen to a speaker against a background of competing sound-radio, television, other talkers, traffic noise, or a multitude of other potentially distracting sounds. A particularly common everyday listening situation, for older adults as well as younger adults, is attempting to listen to a speaker with competition from other voices in the background. However, although previous research has demonstrated age-related impairments in word recognition with background noise (e.g., Working Group on Speech Understanding and Aging, 1988) , little is known about how aging affects the ability to process meaningful spoken language in noise, or about the relative effects of competition from other speakers versus competition from noninformational sources such as white noise. We designed our research to investigate age differences in recall of spoken language heard in the presence of competing noise, and to explore the contributions of both cognitive and auditory change on this effect. (We use the term "noise" in the technical sense to refer to any background sound, including distracting speech, that competes with target speech.)
Age is associated with presbycusis (a loss of auditory acuity, particularly for high frequencies; e.g., J.G. Corso, 1977; Fozard, 1990) , as well as other changes in temporal and frequency processing (Schneider, 1997) . About 40% of adults older than 75 report hearing problems sufficient to affect speech communication in everyday life (U.S. Congress, Office of Technology Assessment, 1986) . In addition, age decrements in the ability to comprehend spoken words in noise have been well documented (see Willott, 1991 , for a review). That is, for older adults, difficulties in the ability to recognize words in noise are often greater than would be expected on the basis of an individual's acuity for pure tones, or even on the basis of word recognition in quiet conditions (Dubno, Dirks, & Morgan, 1984; Working Group on Speech Understanding and Aging, 1988) . This special difficulty with speech in noise has been demonstrated for older adults with clinically normal hearing in the speech range (Pichora-Fuller, Schneider, & Daneman, 1995; Tun, 1998) , and even when young and older participants have equivalent thresholds both for pure tones and for words spoken in quiet (Frisina & Frisina, 1997; Gordon-Salant, 1987) .
Although research in this area is still ongoing, it is generally assumed that this age-related decrement in word recognition in noise reflects deficits at several levels including sensorineural hearing loss (Humes, 1996) and nonperipheral changes in the central auditory nervous system (Frisina & Frisina, 1997; Jerger, Jerger, Oliver, & Pirozzolo, 1989) . Such age-sensitive factors may include difficulties with temporal processing of stimulus duration (Fitzgibbons & Gordon-Salant, 1994) , temporal gap detection (Schneider, Pichora-Fuller, Kowalchuk, & Lamb, 1994) , and frequency resolution (Dubno & Dirks, 1989; Lutman, Gatehouse, & Worthington, 1991) . Age-related difficulties with temporal processing may prove to be especially problematic for comprehending speech in noise, as recent research that has manipulated fine structure in speech has highlighted the importance of temporal factors in carrying information (Drullman, 1995a (Drullman, , 1995b . It has been demonstrated, for example, that simply presenting a dynamic temporal pattern in only a few broad spectral regions was sufficient to allow speech recognition in normal hearing listeners (Shannon, Zeng, Kamath, Wygonski, & Ekelid, 1995) . Thus, age-related changes in temporal processing abilities have significant implications for comprehending spoken language.
Higher level cognitive changes may also have an influence on the older adult's ability to comprehend language in the presence of competing noise (Fozard, 1990) . The characterizations of age-related cognitive change have included slowing in perceptual and cognitive operations (Cerella, 1985; Salthouse, 1991) , a reduction in available processing resources or working memory capacity (Baddeley, 1986; Wingfield, Stine, Lahar, & Aberdeen, 1988) , and a special difficulty with tasks that require effortful activity (Craik, 1994) . This latter factor might be especially relevant given that processing language in noise appears to be more effortful than in quiet (Pichora-Fuller et al., 1995; Rabbitt, 1968 Rabbitt, , 1991 Tun, 1998) . Age differences in selective attention have also been documented for a variety of tasks, both visual and auditory, an effect attributed by some to a reduced ability to inhibit irrelevant stimuli (Hasher & Zacks, 1988; Stoltzfus, Hasher, & Zacks, 1996) . Any of these factors working singly, or in concert, could add to age-related change in auditory ability to impair comprehension of spoken language heard in noise.
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Studies of speech comprehension in noise have generally focused on recognition of single words heard with one type of background noise, such as many voices speaking at once (multitalker babble). Perhaps the best known finding is that older adults have special difficulty reproducing the last word of sentences heard with a background of multitalker babble, as tested by the commonly used Speech Perception in Noise (SPIN) test (Kalikow, Stevens, & Elliott, 1977) . In that test, older adults generally require a higher signal-to-noise (S/N) ratio than young adults (Pichora-Fuller et al., 1995) .
Over the years, many different types of background sounds have been used in aging studies, but we still know little about the relative effects on performance of these various types of noise. Individual studies have used white noise (Jokinen, 1973; Smith & Prather, 1971) , traffic and subway noise (e.g., Bergman, 1980) , cafeteria noise (Humes & Roberts, 1990) , multitalker babble with 12 or more speakers (e.g., GordonSalant & Fitzgibbons, 1995; Jerger et al., 1989) , and varying numbers of competing speakers (Barr & Giambra, 1990; Bergman, 1980; Carhart & Nicholls, 1971) . Unfortunately, few studies have directly compared the relative effects of different types of background noise, and those that have done so have reported conflicting results. One study (von Wedel, von Wedel, & Streppel, 1991) reported that traffic noise was more disturbing than party noise to adults ranging from 31 to 80 years of age but did not report performance levels for the different age groups. By contrast, another study found that speech noise and cocktail party noise were more damaging than traffic noise or continuous discourse but found no age differences in speech discrimination for younger and older adults with normal hearing (Prosser, Turrini, & Arslan, 1991) .
Because previous studies have varied in so many ways-including the use of different types of speech materials, background noise, S/N ratios, and participant hearing abilities-it remains difficult to draw any conclusions about the relative effects of different types of noise on older adults. Yet this is an intriguing question, because there are important qualitative differences in the nature of background noise that could play an important role in the magnitude of the age differences observed for speech comprehension. For example, some types of broadband noise such as white noise provide a nearly continuous acoustic mask across all frequencies, effectively obscuring concurrent speech. By contrast, a competing speaker may mask fewer frequencies of the target speech at any one moment, as well as offering brief intervals in the sound stream as speakers naturally pause between clauses or idea units in their speech production (Butterworth, 1989) . To the extent that a listener has sufficient resources to apprehend the target speech during these pauses in a competing speech signal, competition from a second speaker might be less harmful than continuous broadband noise.
However, because competing speech is meaningful there may also be a cost in terms of interference from the semantic content of the noise. For example, research on comprehension of written texts has shown that irrelevant speech impairs reading performance more than nonspeech noise, apparently because of its semantic content (Martin, Wogalter, & Forlano, 1988) . Thus, difficulties in listening with background noise may be caused not only by acoustic masking of the target speech but also by informational interference that occurs when words are heard with a background that includes intelligible speech (Carhart, Tillman, & Greetis, 1968) . Although this is generally true throughout adulthood, older adults may be even more susceptible than young adults to informational interference (Carhart & Nicholls, 1971) .
In the present study we investigated the question of how different types and intensities of competing sounds affect processing of meaningful spoken language in younger and older listeners. We selected the types of noise to represent competing speech (i.e., a competing signal with informational content) versus noninformational continuous maskers (white noise and many voices speaking at once). Our focus in this study was on the comprehension and reproduction of entire meaningful, sentence-length stimuli, rather than monosyllables or single words as studied in most previous research. Because age differences in peripheral hearing acuity can play an important role in listening performance, we tested only groups of young and older adults with clinically normal hearing in the speech range. Thus, any age differences that appear in listening performance in noise would be attributable to higher level deficits, rather than differences in gross peripheral auditory acuity. These deficits could include age-related changes in temporal processing, which has been shown to play an important role in masking (Drullman, 1995a (Drullman, , 1995b , as well as including cognitive changes with age.
In this experiment, younger and older adults listened to and immediately recalled meaningful sentences that were presented either in quiet or with four types of competing sound. These competing sounds were (a) a continuous masker consisting of white noise, (b) a continuous masker consisting of multitalker babble, (c) two competing speakers, or (d) one competing speaker.
Our goal in this study was to determine those aspects of auditory distraction that are particularly damaging to older adults' listening performance, but also to try and tease out the relative contributions of individual differences in hearing ability versus more central cognitive changes. If limitations in hearing acuity play the key role in older adults' difficulty with noise, we would expect age differences to increase with greater acoustic masking, as less auditory information would be available to listeners. In this case, age differences should increase as the number of competing speakers increases from 1 voice, to 2 concurrent voices, to 20 concurrent talkers (multitalker babble), to white noise. Alternatively, to the extent that age-related changes in cognition such as central slowing play a role in listening performance, older adults might be more impaired than young adults by even a single competing speaker. This could occur, for example, if the older adults lacked the processing speed to extract information from target speech during the periodic natural pauses in background noise that occur with one or two competing speakers. In addition, older adults might be more susceptible than young adults to informational interference from one competing speaker. In either case, we would not necessarily expect age differences to be smaller with competing speech than with the continuous multitalker babble and white noise maskers. In fact, one would predict impaired listening performance for older adults even with one competing speaker, which represents the acoustically easiest interference condition.
In the work we report, we measure not only listeners' accuracy in reproducing the target speech but also the time partici-pants required to produce these responses. The measurement of response time serves as an additional index of the effort required for younger and older listeners to process spoken language under the various conditions of distraction tested here. Table 1 shows participant characteristics for the two age groups tested. Participants included 18 older adults ranging in age from 61 to 79 years (M = 71.2) and 18 young adults ranging from 18 to 22 years (M = 19.4). The older participants were healthy community-dwelling volunteers who received a monetary honorarium for their participation. The younger adults were university undergraduates enrolled in a psychology class; they received experimental credits for their participation. All participants were native speakers of English, and all reported themselves to be in good health, with no known history of stroke, Parkinson's disease, or dementing illness that might compromise their ability to carry out the research tasks. On a 5-point self-rating scale of health status, participants generally reported themselves to be in "good" to "excellent" health, with no significant difference in mean ratings for the young and older participants, t (34) < 1.
METHOD
Participants
As can be seen in Table 1 , the older adults had significantly more years of education than the young adults, t(34) = 5.16, p < .001, as well as higher scores on the Wechsler Adult Intelligence Scale-Revised (WAIS-R) vocabulary (Wechsler, 1981) , f(34) = 3.69, p < .001. All participants were relatively high functioning in terms of memory performance. There was a significant age difference on the forward digit span of the WAIS-R that tests primary memory, ?(18) = 2.14, p < .05, but no age difference on backward digit span, ?(18) = 1.23, ns, which provides an index of working memory.
We administered the WAIS Digit Symbol Substitution Test, a timed test that measures the number of symbols an individual can correctly transcribe using a digit-symbol key, as a measure of psychomotor speed (Wechsler, 1981) . As is typically found Note: PTA = pure tone average; SRT = speech recognition threshold. *p < .05 between groups. (Salthouse, 1991) , the older adults were significantly slower than the young adults, r(34) = 5.90,p < .001. The young and older adults' pure tone averages (PTA) for their better ear are given in Table 1 (PTA: the mean of thresholds from 500 Hz, 1,000 Hz, and 2,000 Hz). Table 1 also shows the participants' mean speech recognition thresholds (SRT), which were tested using the CID W-l list of spondees, as well as means for word recognition in quiet (Northwestern University No. 6, Auditec of St. Louis, Missouri).
The young and older participants' pure tone thresholds for each of the frequencies tested are shown in Table 2 . All participants in this study, both younger and older adults, had puretone air-conduction thresholds in the better ear of no greater than 25 dB HL at frequencies from 250 to 3,000 Hz, and no greater than 40 dB HL at 4,000 Hz. There was no more than a 15 dB asymmetry between the two ears at no more than 2 frequencies. Both the young and older adults' audiometric thresholds up to 3,000 Hz were within the range considered to be clinically normal (ANSI, 1989) . The older participants' thresholds were thus similar to the young and were considerably better than levels considered normal for their age group (J. F. Corso, 1963) .
Materials and Procedure
Stimuli were 90 short sentences, 7-10 words in length, that were spoken by a female native speaker of American English at an ordinary conversational rate of about 172 words per min. Materials were recorded using SoundEdit 16 (Macromedia, San Francisco) for the Macintosh computer (Apple, Cupertino, California), which digitized (16-bit) at a sampling rate of 44,000 Hz. Each participant listened to target sentences for immediate recall under five distracter conditions: (a) a baseline condition in quiet, with no distracter, (b) with a competing passage being read by one male speaker, (c) with two concurrent competing passages, each read by a different male speaker, (d) 20-speaker multitalker babble, and (e) white noise. For example, a participant might hear a target sentence such as "Rushing out he forgot to take his coat" spoken by the female target speaker, in the presence of a concurrent "noise" such as "Apples have been described in stories and myths throughout history," spoken by a male voice. Figure 1 presents speech waveforms for a sample of the target speech in silence and samples of each of the four types of distracters. The top panel of Figure 1 shows the speech waveform printed from the computer for the target sentence, "Her new shoes were the wrong size." The heights of the displace- 
Multi-Talker Babble
Babble created by 20 talkers heard at one time. ments from the central horizontal line show the changing sound energy levels representing the words and syllables of the sentence as they unfolded over time. The next two panels show the waveforms for one competing speaker and two simultaneous competing speakers, both of which consisted of intelligible speech. Both conditions can be seen to contain brief drops in intensity reflecting natural pauses by the speaker(s) during the course of the utterances, although these low energy intervals were of course more frequent with only one speaker than with two speakers. The multitalker babble used was professionally recorded (Auditec of St. Louis, Missouri), and consisted of 20 speakers reading different passages at the same time. None of the individual voices were intelligible. As can be seen in Figure  1 , both the multitalker babble and the white noise consisted of a more continuous stream of sound than the one-or two-voice competing speakers. However, the babble track had a long-term spectrum essentially equivalent to the long-term average spectrum of speech, while white noise was evenly distributed over the range of frequencies, including those higher than the speech frequencies.
Target sentences were attenuated and played back through both right and left TDH-49 headphones at an average of 73 dB SPL, typical of conversational speech, as measured with a Larson-Davis (Provo, Utah) 800b sound level meter with an AE100 coupler. Distracter material was also presented binaurally, at S/N ratios of either a low noise level (0 dB S/N, in which the target and distracter were at the same intensity level) or a higher noise level (-6 dB S/N, with the target 6 dB lower than the distracter).
Each participant heard all 90 target sentences, 10 sentences heard in silence, and 20 in each of the four noise conditions. For each of the 20 sentences in a noise condition, 10 were heard at the higher S/N ratio (0 dB S/N) and 10 were heard at the lower S/N ratio (-6 dB S/N). Background noise was heard only for the duration of the sentence presentation, not during the recall interval. The particular target sentences heard in each condition were varied and counterbalanced across participants such that, by the end of the experiment, each sentence was heard an equal number of times in each condition and at each of the two S/N ratios. The presentation of target sentences was blocked according to condition, in order to establish performance levels for older and younger adults for each type of noise, at low and high noise levels. We chose to block noise types rather than use a random presentation, in which difficulties with listening in noise might be confounded by possible age differences in strategies and speed in switching inhibition strategies among different types of noise.
All participants first received a brief practice session to familiarize them with the nature of the stimuli and the experimental procedures. In the practice session participants recalled sets of sentences not used in the main experiment presented in quiet and with each of the test distracters. Next they completed a block of 10 test sentences in quiet, which served to ensure that the text materials used were within memory span for both age groups and that all participants were capable of hearing and processing the stimuli in quiet conditions. This was followed by blocks of 10 sentences presented in each of the noise-type and noise-intensity conditions. There were two testing orders, which were counterbalanced across participants in order to avoid systematic effects of practice or fatigue on any distracter condition.
Order 1 consisted of (low noise) white noise, babble, two speakers, one speaker; followed by (high noise) one speaker, two speakers, babble, white noise. This was reversed in order 2, which consisted of (low noise) one speaker, two speakers, babble, white noise; then (high noise) white noise, babble, two speakers, one speaker.
We tested participants individually in a sound-attenuated testing room. Each participant heard each sentence once, and was instructed to immediately recall the sentence as completely as possible. We recorded recall protocols on audio tape and scored each sentence for the percentage of words correctly recalled using a verbatim criterion. No penalty was given for changes in word order, or for additions to words (e.g., giving "rivers" instead of "river"), but omissions (e.g., "stamp" for "stamps") resulted in a loss of credit for the entire word. We measured response output rate in milliseconds (ms) using the SoundEdit (Macromedia, San Francisco) program, counting from the beginning of a response to the end of the last meaningful word in the response. Figure 2 presents the mean percentage of words recalled from the target sentences by the younger (left panel) and the older (right panel) participants under low noise (0 dB S/N) and high noise (-6 dB S/N) levels, for each of the four experimental distracter conditions. The dotted horizontal line at the top of Figure 2 represents the baseline control score for recall performance in quiet, which demonstrates that both age groups were able to reproduce accurately the experimental stimuli heard in quiet, without distraction. Recall performance was significantly better for sentences heard in quiet than with distraction for both younger adults, F(l,17) = 398.24, MSE = 14.34,p < .001, and older adults, F(l,17) = 415.57, MSE = 34.37, p< .001.
RESULTS
Recall of Target Sentences
We analyzed the data for the four experimental distracter conditions using a mixed design analysis of variance (ANOVA) with age (2: younger, older) as a between-participants variable, and noise level (2: low, high) and distracter condition (4: one speaker, two speakers, babble, white noise) as within-participants variables. There was a main effect of age due to higher recall by younger adults than by older adults, F(l,34) = 41.74, MSE = 403.16, p < .001. As one would expect, low noise levels generally allowed better recall than high noise levels, F(l,34) = 617.73, MSE = 120.02,/? < .001. However, the deleterious effects of noise level were greater for older adults than for younger adults, as shown by a significant Age X Noise level interaction, F(l,34) = 15.21, MSE =120.02,p< .001.
The effect of distracter condition was also highly significant, F(3,102) = 62.96, MSE = 227.76, p< .001. Newman-Keuls comparisons, carried out at the p < .05 level of significance throughout these analyses, showed that recall levels dropped significantly from conditions of one competing speaker to two competing speakers. Conditions with two competing speakers and multitalker babble did not differ significantly but produced greater recall than listening with white noise.
Importantly, however, age differences varied by condition, as shown by a significant Age X Distracter interaction, F(3,102) = 3.66, MSE = 227.76, p < .05. Newman-Keuls comparisons showed that young and older adults did not differ significantly for recall of sentences heard in white noise, the most difficult condition. This does not represent a floor effect, as both groups produced respectable levels of recall of about 25%. Thus, performance in the white noise condition provides a baseline for comparison with performance in the other conditions, where we did find age differences. Newman-Keuls comparisons showed that young adults recalled more than older adults when target sentences were heard with one competing speaker, two speakers, or multitalker babble.
The interaction between noise level and distracter condition was significant, F(3,102) = 18.32, MSE = 229.24, p < .001, but the three-way interaction between age, noise level, and distracter condition was not significant, F(3,102) < 1, MSE = 229.24.
It is interesting to note that the young adults' recall of sentences heard with one competing speaker did not differ significantly for the lower and the higher noise levels. However, the higher noise level of the distracter did produce significantly greater impairment of the young adults' recall than the lower levels for two competing speakers, babble, and white noise. By contrast, the pattern for the older adults' recall shows that even with one competing speaker the higher noise level produced significantly greater impairment than the lower noise level. This age-related impairment in recall with one competing speaker is of particular practical importance, because it represents an extremely common everyday listening condition. Paired comparisons also showed significant differences for the older participants between the low and high noise levels for recall with two competing speakers, multitalker babble, and white noise. Figure 3 shows the mean recall time (seconds per word) for the young (left panel) and older (right panel) participants. This was accomplished by digitizing participants' responses and measuring output latencies on a computer-generated waveform of the responses. This permitted us to calculate the length of time from the onset of the first word produced, to the last correct word in a response. The focus of our analysis was on the output rate of participants' recall responses rather than latencies to the beginnings of the responses, which might be taken as a measure of planning time. Given the way participants responded, this proved technically difficult; planning time and responses were not neatly separated, as a listener might say one or two words immediately and then pause for further thought. Therefore, we chose to analyze the entire response time, from first word to last meaningful word.
Recall Output Rate
Because young adults recalled more overall than older adults, recall output times were adjusted by dividing the time required for recall (in seconds) by the number of words recalled for each sentence. The resulting measure represents the mean time necessary to reproduce each word of a sentence, which may be considered as an index of production speed or efficiency for each experimental condition. (We dropped data from 2 older adults from these analyses as outliers, because they had means that were more than 2.5 standard deviations from the group mean.) First, a preliminary ANOVA comparing performance in quiet versus noise confirmed that the older adults had a slower output rate than the younger adults, F(l,32) = 23. p < .001. Overall recall output rates for sentences heard in noise were slower than those for sentences heard in quiet, F(l,32) = 88.51, MSE = .00001,/? < .001. However, the drop in output rate with noise was differentially greater for older adults, F(l,32) = 9.33, MSE = .00001,p < .01, showing that the older adults' processing of sentences was especially slowed by background noise. Next we analyzed the data for the four experimental distracter conditions using a mixed design ANOVA with age (2: younger, older) as a between-participants variable, and noise level (2: low, high) and distracter condition (4: one speaker, two speakers, babble, white noise) as within-participants variables.
The results of the recall output rate analysis converge with the pattern of findings for recall accuracy. Overall, older adults were slower than the young in producing recall with distraction, even after adjusting for the lower level of recall the elderly participants produced, F(l,32) = 18.92, MSE = .0002,p < .001. Recall was slower with high levels of competing noise than with low noise, F(l,32) = 50.72, MSE = .0001,/? < .001. The Age X Noise level interaction was marginally significant F(l,32) = 3.71, MSE= .0001,/? < .10, showing a tendency for increased noise level to slow recall in older adults more than in young adults.
Most important, the effect of distracter condition was highly significant, offering further evidence that processing spoken language is more effortful with some types of background noise than with others, F(3,96) = 19.44, MSE = .0001,/? < .001. The pattern of recall output rates for the different conditions of background noise paralleled the findings for accuracy, with faster responses for sentences heard with one competing speaker than with two competing speakers, or multitalker babble, and the slowest output rates for white noise. However, distracter condition did not show a significant interaction with age, F(3,96) < 1, MSE -.0001, or noise level, F(3,96) = 1.99, MSE = .0001, ns, nor was there an Age X Noise level X Distracter interaction, F(3,96) = 1.07, MSE = .0001, ns.
We carried out Newman-Keuls comparisons to examine how low and high noise levels affected young and older adults' recall output rates. These comparisons were consistent with the findings reported earlier for recall accuracy in showing an age difference in the effects of noise level with one competing speaker. Here, a high noise level of one competing speaker did not significantly slow young adults' response rates any more than a low noise level. By contrast, older adults were slowed significantly more by increased intensity levels of one competing speaker. Both age groups showed significant slowing with increased noise levels for the other distracters-two competing speakers, multitalker babble, and white noise.
In summary, the findings for recall output rate are consistent with those of recall accuracy in showing that increased noise levels of one competing speaker differentially impaired performance in older adults but did not affect young adults. Overall, recall output rates were slower with high levels than with low levels of background noise, particularly for older adults. Also, the recall output rates support the continuum of distracter difficulty found for recall accuracy, ranging from relatively faster responses with one competing speaker to the slowest responses for the white noise condition. (As indicated, the focus of our analysis was on the recall output rates of our young and older participants. Had we also included latencies to beginning the recall, as a potential measure of response planning, the obtained age differences for the more difficult noise conditions might have been even larger.)
Regression Analyses: Predictors of Performance in Noise
To investigate how measures of hearing, speed, and verbal ability predicted recall performance for sentences heard in noise, we carried out separate regression analyses for each of the noise conditions that included sets of variables for each of these abilities. The first set entered in each analysis included all of the hearing measures (PTA, SRT, and thresholds for 3,000 Hz and 4,000 Hz in the better ear). This latter entry was based on previous research that has shown that not only SRT but also thresholds for high frequency might be effective predictors of listening performance (Abel, Krever, & Alberti, 1990; Kryter, 1985) . The set of speed measures included scores on the Digit Symbol Substitution Test, as well as recall output rate for sentences heard in quiet. The verbal ability set consisted of WAIS vocabulary scores. Finally, we added chronological age in years in order to determine whether it might account for any further variance. These sets were regressed on recall performance in each condition as the dependent variable, using hierarchal stepwise regression.
Predictor Entry: Hearing, Speed
We first chose to use the most conservative test for the contribution of cognitive measures to listening performance by specifying the order of predictor sets. In each analysis we entered the set of hearing measures first, followed by speed and then the vocabulary measure. (We selected speed measures to precede vocabulary measure on the basis of an examination of the correlation matrix, which showed that performance correlated more strongly with speed than with vocabulary. We did not include working memory measures because of their low correlations with performance.) Thus, the regression equations obtained for the sets of speed and vocabulary measures reflected the portion of the variance that they accounted for after the influence of hearing measures. As indicated, we entered age last. Table 3 shows the findings for the regression analyses. Shown are the adjusted R 2 , change in R 2 , and/? values for entry of the predictor sets in regressions on each of the types of noise, at low and high noise levels. The set of hearing measures was a significant predictor in each case, with the exception of the white noise conditions. With one competing speaker at a low noise level, the hearing measures first account for 41% of the variance, and then the entry of speed measures accounts for a significant increase of 21% of the variance. (The vocabulary measure does not contribute significantly in this or in the remaining analyses; nor did the measure of chronological age.) A similar pattern may be seen for one competing speaker at a high noise level, where speed measures predicted an additional 14% of the variance remaining after the effect of hearing. For two competing speakers, speed measures account for an additional 16% at the low noise level, and 10% (which did not reach significance) at the high noise level. Speed measures accounted for a significant portion of the variance (19%) after hearing measures for high-level babble, but not low-level multitalker babble. Finally, none of these measures predicted recall with white noise.
Predictor Entry: Speed, Hearing
In the next set of regression analyses we entered speed first, in order to estimate the contribution of hearing to recall performance after speed was accounted for. Thus, the order of entry was speed variables, hearing variables, vocabulary, then chronological age. These analyses, presented in Table 4 , further underscore the important role of speed of processing as a predictor of listening performance with competing speech. Speed now emerged as the only significant predictor of performance with both one competing speaker and two competing speakers, at either low noise levels or high noise levels. In each of these cases, hearing measures no longer made a significant contribution to the variance after speed was entered first. The patterns remained unchanged from the previous regression analyses for multitalker babble, where hearing was the significant predictor, and for white noise, where there were no significant predictors.
Overall, these analyses support the hypothesis that different factors may contribute to the older adults' difficulties comprehending spoken language in noise, depending on the type of distracting noise. When the distracting noise consists of one or two competing speakers, individual differences in processing speed can account for the major portion of the variance in listening performance. With a background of multitalker babble we found that hearing is the important predictor of listening performance, with speed making an additional contribution. When target sentences are accompanied by a background of white noise, however, neither hearing nor speed predict listening performance. Importantly, once these factors were taken into account, chronological age did not account for any additional variance beyond that associated with hearing and slowing measures for any of the noise conditions studied.
DISCUSSION
These findings suggest that age differences in the ability to process spoken language with competing background noise depend not only on the relative intensity of the noise but also on the nature of the distracting sound. The pattern of performance with the various types of competing sounds tested here helps elucidate the difficulties that older adults experience with speech in noise. Overall, these data suggest that older adults' problems with spoken language in noise are related not only to auditory acuity but also to cognitive changes such as slowing of information processing.
First, we found that even though our older participants were a highly selected group who had excellent hearing that was considerably better than average for their age, their overall recall performance for short sentences heard in noise was poorer than young adults. This is consistent with previous research that has used multitalker babble as a distracter (Tun, 1998) . In the present experiment we found that the older group recalled less than the young adults from sentences that were heard with one competing speaker or two competing speakers, as well as with multitalker babble. In addition to being less accurate in their recall, the older adults had slower recall output rates than the young adults.
Our findings are consistent with previous work showing that older adults are impaired more than young adults by increases in noise level (e.g., Pichora-Fuller et al., 1995; Tun, 1998) . Moreover, a particularly important age difference emerged when our participants tried to listen to target sentences while ignoring a single competing speaker, a situation that is very common in everyday life, hi this condition we found that increasing the noise level of one competing speaker did not significantly affect young adults, who had little difficulty reproducing sentences heard with competing speech at either the low or the higher noise level. The increase in noise level produced no difference in young adults' performance either in terms of their accuracy in recalling the target sentences or in terms of their recall output rate. This finding is consistent with previous studies in which younger adults were able to shadow (repeat after) a target message while ignoring a second competing speaker (e.g., Treisman, 1964) . By contrast, however, the performance of older adults in this study declined when the noise level of the one competing speaker was increased: They recalled less of the target sentences and also had slower recall output rates as noise level increased. It is of some practical importance to find that older adults are differentially disadvantaged in this condition, because a listening environment today so often involves listening to someone speaking in the presence of competition from radio, television, or another speaker in the environment.
The different types of noise tested here produced the predicted range of impairment in both recall accuracy and output rates, for both younger and older participants. Listening performance was highest with only one competing speaker, lower with two competing speakers and babble, and poorest with white noise. However, age differences did not increase as the difficulty of the noise condition increased. In fact, although the young adults recalled more than the older adults from sentences heard with one and two competing speakers and babble, there was no age difference in performance with white noise, the most difficult condition. That is, although white noise produced the poorest performance for both groups, the detrimental effect was not differentially greater for the older adults than for the young adults. We thus see that generalities based on some types of noise and generalities based on recognition of monosyllables and single words (e.g., Jokinen, 1973; Smith & Prather, 1971) do not universally apply to all forms of noise and to all types of verbal materials. The lack of an age difference found here for recall of speech masked by white noise may be due to the fact that white noise is a broadband masker that covers the higher frequencies at which younger adults have an acuity advantage over older adults, thus creating a situation in which the young adults' perception was more like that of the older adults.
A key finding, then, was that although increasing the number of competing speakers and the effectiveness of the noise masker reduced listening performance for both younger and older adults, it did not magnify differences. If hearing deficits were the primary determinants of listening performance in older adults, one would expect age differences to increase with greater acoustical masking, as the sensory input is further degraded. Instead, our findings indicate that in addition to acoustical masking, cognitive factors contribute to the difficulties that older adults experience with noisy backgrounds.
There is substantial reason to believe that age-related slowing may play an important role in processing spoken language in noise, based on the large body of research evidence for a slowing of central processing that extends to the lexical domain as well as psychomotor tasks (Cerella, 1985; Lima, Hale, & Myerson, 1991; Salthouse, 1991) . Previous research in our laboratory has demonstrated that older adults have differentially greater trouble than young adults when speech rates are artificially accelerated (e.g., Wingfield, Poon, Lombardi, & Lowe, 1985; Wingfield, Tun, Koh, & Rosen, in press) and that this impairment is compounded for rapid speech heard in noise (Tun, 1998 ). In the current study, although our older participants were high-functioning individuals who performed as well as the younger adults on tests of verbal ability and working memory, they were significantly slower than young adults in performing the Digit Symbol Substitution Test, as well as in recalling short sentences heard in quiet. As we have suggested, processing speech in noise requires that the listener have sufficiently rapid mental processes to take advantage of whatever bits of the target signal might be apprehended, such as those that occur in the brief pauses found with just one competing speaker. Therefore, we hypothesized that slowing might be an important predictor of listening performance in noise.
Consistent with this hypothesis, we found in our regression analyses that measures of processing speed accounted for a significant portion of the variance in recall for sentences heard with competing speakers, even after partialling out the contribution of hearing. We included in the set of hearing measures not only the PTA for frequencies in the speech range but also the SRT, as well as thresholds for higher frequencies, which carry information about certain consonants that may be especially important to speech comprehension in noise (Able et al., 1990) . Entered first into a regression analysis, these hearing measures accounted for a significant portion of the variance in recall for sentences heard with competing speech, but not for white noise, which presumably created an effective acoustic mask that even superior acuity could not penetrate.
Next we entered a set of speed measures that came from both the auditory modality (production rate for recalling sentences heard in quiet) and the visual-spatial domain (speeded digit symbol substitution performance). Forcing the hearing measures into the equation first gives a very conservative test of the contribution of rate of processing, as it partials out the effects of the hearing measures even if they were the weaker predictors. Importantly, even when we used such a conservative test, our set of speed measures accounted for a significant increase in the variance of recall with one competing speaker, and to a lesser extent with two competing speakers and with babble. Moreover, when speed measures were entered first into the regression equation we found that hearing measures made no further significant contribution to listening performance with one or two competing speakers.
This suggests that in addition to individual differences in hearing, speed of processing contributes to the ability to process spoken language with competing background speakers. These findings are consistent with the suggestion of van Rooij, Plomp, and Orlebeke (1989) , who concluded that acuity for high frequencies and processing speed were both important predictors of speech perception. Neither verbal ability nor measures of memory span entered into the analysis as significant predictors for these materials. It should be noted, however, that both of our age groups were especially high in verbal ability and the older group in this study also had especially good memory spans. We must leave open the question of whether lower functioning older adults' performance would be equally unaffected by vocabulary and verbal memory spans. Chronological age made no further contribution to the variance beyond that accounted for by hearing abilities and processing speed. This shows that the sensory and cognitive concommitants of age rather than age itself were the important determinants of listening ability in noise.
Overall, our findings offer a clear demonstration that agerelated changes in cognitive factors, in this case represented by a measure of general slowing, join with hearing ability in affecting processing of spoken language in noise. In addition to highlighting the role played by these individual differences in auditory ability and processing rate, we also have shown that the type of background noise in a listening environment is as important as the intensity level of the noise in allowing good spoken communication with older adults.
